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The thymic medulla provides a microenvironment
where medullary thymic epithelial cells (mTECs)
express autoimmune regulator and diverse tissue-
restricted genes, contributing to launching self-toler-
ance. Positive selection is essential for thymic me-
dulla formationvia apreviously unknownmechanism.
Herewe show that the cytokineRANK ligand (RANKL)
was produced by positively selected thymocytes and
regulated the cellularity of mTEC by interacting with
RANK and osteoprotegerin. Forced expression of
RANKL restored thymic medulla in mice lacking
positive selection, whereas RANKL perturbation
impaired medulla formation. These results indicate
that RANKL produced by positively selected thymo-
cytes is responsible for fostering thymic medulla for-
mation, thereby establishing central tolerance.
INTRODUCTION
The thymus provides multiple microenvironments that sequen-
tially support the development and selection of T lymphocytes.
Thymocytes that express clonotypic and diverse T cell antigen
receptors (TCR) are generated in the thymic cortex where corti-
cal thymic epithelial cells (cTECs) present a set of self-peptides
by virtue of proteasomes containing b5t and lysosomal prote-
ases including cathepsin L (Finkel et al., 1989; Honey et al.,
2002; Murata et al., 2007). TCR interaction with self-peptide-
loaded MHC molecules expressed by cortical cells, including
cTECs and hematopoietic cells, determines the life and death of
immature thymocytes, and a fraction of cortical thymocytes sur-
vive TCR signals for further development (Kisielow et al., 1988;438 Immunity 29, 438–450, September 19, 2008 ª2008 Elsevier IncDaniels et al., 2006) and relocate to the thymic medulla chiefly
via CCR7-mediated chemotaxis (Ueno et al., 2004; Kwan and
Killeen, 2004). This process in the thymic cortex, referred to as
positive selection, enriches T lymphocytes that demonstrate
modest reactivity to self-peptides and potential responsiveness
to foreign antigens. Entering the thymic medulla, positively se-
lected semimature thymocytes further interact with self-peptides
that are expressed by medullary thymic epithelial cells (mTECs)
and dendritic cells (DCs). mTECs express a diverse set of genes
representing essentially all tissues of the body, at least partly be-
cause of a nuclear molecule called autoimmune regulator (Aire)
(Derbinski et al., 2001; Anderson et al., 2002), whereas thymic
DCs, which efficiently present various self-peptides, are pre-
dominantly localized in the medulla and at least in part derived
from circulation (Bonasio et al., 2006). The interaction of posi-
tively selected thymocytes in the thymic medulla with a diverse
set of self-peptides, including tissue-restricted antigens pre-
sented by mTECs and DCs, is essential for establishing self-
tolerance (Gallegos and Bevan, 2004).
Thymic medulla formation is dependent on the differentiation
of mTECs from their endodermal precursor cells that are gener-
ated at the third pharyngeal pouch (Rossi et al., 2006; Bleul et al.,
2006; Hamazaki et al., 2007), and the development of mTECs is
regulated by the NF-kB activation pathway that includes tran-
scription factor RelB and signal transducer TRAF6 (Burkly
et al., 1995; Boehm et al., 2003; Akiyama et al., 2005). A recent
study showed that CD4+CD3 lymphoid tissue inducer (LTi) cells
are involved in initiating embryonic mTEC development by pro-
ducing the cytokine RANK ligand (RANKL) (Rossi et al., 2007).
Importantly, generation of the thymicmicroenvironment is also
regulated by the development of thymocytes. This regulation is
referred to as thymic crosstalk, and the signals produced by pos-
itively selected thymocytes are crucial for thymic medulla forma-
tion (Shores et al., 1991; van Ewijk et al., 1994). Mice deficient for
the generation of mature thymocytes because of the lack of.
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pott et al., 1992; Negishi et al., 1995), and reconstitution of the
thymus with positively selected thymocytes restores formation
of the medullary region (Surh et al., 1992; Nasreen et al., 2003).
Thymus deficient for positive selection contains scattered and
small clusters of mTECs, suggesting that positively selected thy-
mocytes are responsible for the development of mTECs (Nas-
petti et al., 1997; Gray et al., 2006). Nonetheless, whether posi-
tive selection regulates the number or functional maturation of
mTECs remains unclear. Molecular signals that regulate posi-
tive-selection-mediated medulla formation are also unknown.
The present studywas aimed at identifyingmolecules that par-
ticipate in positive-selection-mediated medulla formation in the
thymus.We show that the interaction between RANKL produced
by positively selected thymocytes and RANK and osteoprote-
gerin (OPG, a decoy receptor for RANKL) expressed by mTECs
played a crucial role in positive-selection-mediated medulla for-
mation by regulating the cellularity of Aire-expressing mTECs.
We also present evidence that medulla formation in adult mice
was chiefly regulated by positively selected thymocytes rather
than by other intrathymic RANKL-expressing cells, including
LTi cells. Thus, this study demonstrates that RANKL produced
by positively selected thymocytes plays a major role in increas-
ing the number of mTECs and forming thymic medulla that con-
tains Aire-expressing mTECs.
RESULTS
Positive Selection Fosters Medulla Formation
by Affecting mTEC Cellularity
It was previously shown that positive selection is crucial for thy-
mic medulla formation and that mice lacking positive selection
because of a deficiency of either TCRa or TCR-associated tyro-
sine kinase ZAP70 exhibit defective medulla formation in the
thymus (Philpott et al., 1992; Negishi et al., 1995; also shown
in hematoxylin-eosin-stained sections of Figure 1A). However,
in agreement with previous findings (Naspetti et al., 1997; Gray
et al., 2006), the scattered distribution of small mTEC clusters
identified by mTEC-specific antibody ER-TR5 and mTEC-bind-
ing lectin UEA1 was detectable in the thymus of TCRa-deficient
(Tcra/) or ZAP70-deficient (Zap70/) mice (Figure 1A). Flow
cytometry analysis of thymic stromal cells showed that the num-
bers of mTEC identified as CD45I-A+UEA1+ or CD45I-
A+Ly51 were markedly reduced in TCRa-deficient or ZAP70-
deficient mice (approximately 5%–10% of normal numbers),
whereas the numbers of cTEC identified as CD45I-A+UEA1
or CD45I-A+Ly51+ were not considerably reduced (Figures 1B
and 1C). These results indicate that positive selection affects
the number of mTECs but not of cTECs.
The major function of mTECs so far identified is to establish
central tolerance by expressing a diverse set of tissue-restricted
genes and by attracting positively selected cortical thymocytes
for interaction with mTECs and DCs in the medulla (Derbinski
et al., 2001; Anderson et al., 2002; Ueno et al., 2004; Kwan
and Killeen, 2004; Gallegos and Bevan, 2004; Bonasio et al.,
2006). Molecules involved in this mTEC function include Aire,
a nuclear factor associated with promiscuous gene expression
(Anderson et al., 2002), and CCL21, a chemokine that attracts
positively selected thymocytes that express CCR7 (Ueno et al.,IFigure 1. Positive Selection of Thymocytes Affects Number of
mTECs
(A) Thymus lobes from 4- to 6-week-old young adult B6, Tcra/, Zap70/, or
Relb/mice were stained with hematoxylin and eosin (HE) or with mTEC-spe-
cific monoclonal antibody ER-TR5 (red) and UEA1, antibody specific for Aire,
or antibody specific for CCL21 (green).
(B) Two-color flow cytometry profiles for I-A and UEA1 (top) and I-A and Ly51
(bottom) of CD45 nonleukocytes prepared from thymuses of 4- to 6-week-old
mice. Numbers indicate frequency of cells within indicated areas.
(C) Numbers of cTECs andmTECs per mouse in indicated mice. Averages and
standard errors (B6, n = 4; Tcra/, n = 4; Zap70/, n = 3) are shown.
(D) Quantitative RT-PCR analysis of indicated genes in isolated cTECs and
mTECs. mRNA expression was normalized to GAPDH mRNA, and those in
CD45 total thymic stromal cells were arbitrarily set to 1. Averages and stan-
dard errors of at least three independent measurements are shown.mmunity 29, 438–450, September 19, 2008 ª2008 Elsevier Inc. 439
Immunity
RANKL Mediates Thymic Crosstalk2004). Aire and CCL21 were detectable in mTEC clusters of
TCRa-deficient or ZAP70-deficient mice, unlike in the thymus
of RelB-deficient (Relb/) mice where mTEC development
was defective (Figure 1A). Quantitative mRNA analysis showed
that mTECs isolated from TCRa-deficient or ZAP70-deficient
mice indeed expressed Aire and CCL21 (Figure 1D). The gener-
ation of CD80-expressing mature mTECs was also detectable in
TCRa-deficient or ZAP70-deficient mice (data not shown). The
expression of Aire-dependent tissue-restricted genes, such as
insulin 2 and salivary protein 1, was detectable in mTECs of
TCRa-deficient or ZAP70-deficient mice, indicating that mTECs
in these mice were capable of Aire-dependent promiscuous
gene expression (Figure 1D). cTECs from TCRa-deficient or
ZAP70-deficientmice expressed cathepsin L and b5t (Figure 1D),
the molecules essential for thymocyte development in the cortex
(Honey et al., 2002; Murata et al., 2007). These results indicate
that mTECs and cTECs generated without positive selection
express molecules that represent their functional maturity.
Small numbers of mTECs including Aire-expressing mTECs
were detectable even in RAG2-deficient mice that lacked
CD4+CD8+ (double-positive, DP) thymocytes (Derbinski et al.,
2001; Rossi et al., 2007; also shown in Figure S1 available on-
line), in agreement with the notion that functionally mature
mTECs are generatedwithout positive selection. Together, these
results indicate that positive selection promotes the increase in
the number of mTECs rather than the functional maturation of
mTECs and thereby nurtures the formation of thymic medulla.
TNFSF Expressed in Thymocyte Subsets and TNFRSF
Expressed in TEC Subsets
In order to explore the molecular mechanisms mediating the in-
crease in mTEC cellularity caused by positive selection, we sur-
veyed oligonucleotide microarray data from our previous study
where we compared gene-expression profiles between posi-
tively selected TCR-transgenic thymocytes and wild-type thy-
mocytes (Nitta et al., 2006). We noticed that genes encoding
tumor necrosis factor superfamily (TNFSF) members, such as
lymphotoxin (LT) a, LTb, and RANKL, were strongly expressed
in positively selected TCR-transgenic thymocytes (Table S1).
We therefore analyzed the expression of all TNFSF genes in thy-
mocyte subsets fractionated from normal adult thymus accord-
ing to the expression of CD4 andCD8. As shown in Figure 2A and
in agreement with microarray data, LTa, TNFa, LTb, OX40L,
CD40L, FasL, CD30L, and RANKL were expressed at signifi-
cantly (p < 0.05) higher amounts in CD4+CD8 and/or
CD4CD8+ (single-positive, SP) thymocytes than in DP thymo-
cytes. LTa, TNFa, LTb, CD30L, and RANKL expression was
high in both CD4+CD8 and CD4CD8+ thymocytes, whereas
OX40L, CD40L, and FasL expression was high in CD4+CD8
thymocytes but not in CD4CD8+ thymocytes. Other TNFSF
members showed no significant difference (pR 0.05) in the ex-
pression between DP and SP thymocyte subsets.
We then analyzed the expression of TNF receptor superfamily
(TNFRSF) genes inmTECs and cTECs isolated from normal adult
thymus. We found that the genes for OX40, CD40, Fas, CD30, 4-
1BB, TRAILR2, RANK, OPG, BAFFR, BCMA, RELT, and Eda2r
were expressed at significantly (p < 0.05) higher amounts in
mTECs than in cTECs (Figure 2B). In contrast, the expression of
CD27, TWEAKR, GITR, and TNFRH3 was significantly (p < 0.05)440 Immunity 29, 438–450, September 19, 2008 ª2008 Elsevier Inc.higher in cTECs than inmTECs.Other TNFRSFmembers showed
no significant difference (p R 0.05) in the expression between
mTECs and cTECs.
Figure 2. Expression of TNFSF Genes in Thymocytes and TNFRSF
Genes in Thymic Epithelial Cells
(A) Quantitative RT-PCR analysis of sorted CD4CD8 (DN), CD4+CD8+ (DP),
CD4+CD8 (4SP), and CD4CD8+ (8SP) thymocytes. mRNA expression of
TNFSF genes was normalized to GAPDHmRNA, and those in total thymocytes
were arbitrarily set to 1. Bar graphs show means ± standard errors of at least
three independent measurements. Asterisks indicate significant (p < 0.05) in-
crease compared to the amounts in DP thymocytes. mRNA expression of
genes encoding Tnfsf7 (CD27L), Tnfsf13 (APRIL), Tnfsf15 (TL1), and Tnfsf18
(GITRL) was not detectable in total thymocytes or thymocyte subpopulations
examined.
(B) Quantitative RT-PCR analysis of sorted CD45I-A+UEA1 cTECs and
CD45I-A+UEA1+ mTECs. mRNA expression of TNFRSF genes was normal-
ized to GAPDH mRNA, and those in CD45 total thymic stromal cells were
arbitrarily set to 1. Bar graphs show means ± standard errors of at least three
independent measurements. Asterisks indicate significant (p < 0.05) increase
in mRNAs in mTECs compared to those in cTECs, whereas sharps indicate
significant (p < 0.05) increase in mRNA amounts in cTECs compared to those
in mTECs. mRNA expression of Aire and cathepsin L (Ctsl) indicates success-
ful isolation of mTECs and cTECs, respectively. mRNA expression of Tnfrsf25
(DR3) was not detectable in CD45 thymus cells, cTECs, or mTECs.
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RANKL Mediates Thymic CrosstalkFigure 3. RANKL and OPG Affect Number of mTECs
(A and B) Thymus sections from indicated mice at 3–9 weeks old were analyzed by HE staining (A) and two-color immunostaining with antibody specific for Aire
(green) and ER-TR5 (red) (B). B6 mice were used as wild-type (WT) control.
(C) Numbers of mTECs per thymus lobe were calculated by flow cytometry analysis of CD45I-Ab+UEA1+ cells for mice of B6 background (left) and CD45I-
Ed+UEA1+ cells for mice of BALB/c background (right). Averages and standard errors are shown. B6, n = 6; Tnfsf4/, n = 4; Faslgld/gld, n = 3; Faslpr/lpr, n = 3;
Tnfsf11/, n = 2; Tnfrsf11b/, n = 3; BALB/c, n = 3; Cd40/, n = 3; Tnfsf8/, n = 3.
(D) Representative low-magnification images of Aire immunostaining in medullary region identified by ER-TR5 staining andmarked by dotted lines, indicating that
Aire-expressing cells are present in all three groups but are fewer andmore detectable in the thymus of Tnfsf11/ and Tnfrsf11b/mice, respectively, than in B6
wild-type (WT) mice. Representative two-color flow cytometry profiles for I-A and UEA1 of CD45 nonleukocytes of indicated mice are also shown. Numbers in
quadrants indicate frequency of cells in boxes.Consequently, we found that in the following five TNFSF li-
gand-receptor combinations, namely, between OX40L and
OX40, between CD40L and CD40, between FasL and Fas, be-
tween CD30L and CD30, and among RANKL, RANK (signaling
receptor for RANKL), and OPG (nonsignaling soluble decoy re-
ceptor for RANKL; Theill et al., 2002), ligands were more strongly
expressed in SP thymocytes than in DP thymocytes and recep-
tors were more strongly expressed in mTECs than in cTECs.
RANKL and OPG Influence mTEC Cellularity
We next examined mTEC development andmedulla formation in
mice deficient for one of the five TNFSF ligand-receptor combi-
nations. We found that the deficiency of OX40L (Tnfsf4/),
CD40 (Cd40/), FasL (Faslgld/gld), Fas (Faslpr/lpr), or CD30L
(Tnfsf8/) did not significantly (p R 0.05) affect the number of
mTECs, the generation of Aire-expressing mTECs, or medulla
formation (Figures 3A–3C). However, mice deficient for RANKL
(Tnfsf11/) exhibited a significant (p < 0.05) reduction in the
number of mTECs (Figure 3C). In the thymus of RANKL-deficient
mice, the number of Aire-expressingmTECswas also decreased
as shown by immunohistological analysis (Figure 3D). Nonethe-Iless, the development of Aire-expressing mTECs and the forma-
tion of thymic medulla were detectable in the thymus of RANKL-
deficient mice (Figures 3A–3C). In contrast, mice deficient for
OPG (Tnfrsf11b/), a soluble decoy receptor for RANKL (Theill
et al., 2002) and the receptor more strongly expressed in mTECs
than in cTECs (Figure 2B), developed a significantly (p < 0.05)
large number of mTECs and exhibited large thymic medulla
with many Aire-expressing mTECs (Figures 3A–3D).
These results indicate that among TNFSF members that are
more strongly expressed in SP thymocytes than in DP thymo-
cytes, RANKL plays a major role in increasing the number of
mTECs, and its decoy receptor, OPG, regulates mTEC cellularity
and medulla formation.
RANKL Is Produced by Positively Selected Thymocytes
The expression of RANKL in normal adult mice was detectable in
bulk CD4+CD8 and CD4CD8+ SP thymocytes but not DP thy-
mocytes, as determined by quantitative mRNA analysis (Figures
2A and 4A). RANKL expression was detectable in CD69hi semi-
mature and CD69lo mature CD4+CD8 SP thymocytes isolated
from normal B6 mice, both of which expressed TCRabhimmunity 29, 438–450, September 19, 2008 ª2008 Elsevier Inc. 441
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RANKL Mediates Thymic CrosstalkFigure 4. Expression of RANKL, RANK, and OPG in Thymus Cell Subpopulations
(A) mRNA expression of RANKL in total, CD4+CD8+CD69lo, CD4+CD8+CD69hi, CD4+CD8CD69hi, and CD4+CD8CD69lo thymocytes isolated from 4-week-old
B6 mice (n = 4), and total, CD4+CD8+CD69lo, CD4+CD8+CD69hi, CD4CD8+CD69hi, and CD4CD8+CD69lo thymocytes isolated from MHC class II-deficient 4-
week-old B6-H-2Ab1/ mice (n = 3).
(B) Flow cytometry analysis of RANKL expression by TCR-stimulated thymocytes. Thymocytes from 3-week-old MHC class I and class II double-deficient B6-H-
2Ab1/B2m/mice were cultured in the absence or presence of phorbol 12-myristate 13-acetate (PMA, 0.2 ng/ml) and ionomycin (0.2 mg/ml) for 24 hr. RANKL
staining profiles (solid lines) and control staining profiles (shaded lines) are shown. Representative profiles of three independent experiments are shown.
(C) mRNA expression of RANKL in CD4+CD8+ thymocytes isolated from positively selecting H-2k/b 2C-TCR-transgenic mice and null selecting H-2k/k 2C-TCR-
transgenic mice (n = 3).
(D) mRNA expression of RANKL, RANK, and OPG in indicated thymus cell subpopulations isolated from 4- to 5-week-old B6 mice. DN1, DN2, DN3, and DN4
represent CD4CD8CD25CD44+, CD4CD8CD25+CD44+, CD4CD8CD25+CD44, and CD4CD8CD25CD44 thymocyte subpopulations.
CD4+CD3CD8B220CD11c thymocyte subpopulation was used as CD4+CD3 cells (Rossi et al., 2007). CD45I-A+UEA1 cTECs and CD45I-A+UEA1+
mTECs were used. mRNA expression in total thymus cells are normalized to 1. Averages and standard errors (n = 3) are shown. Note that CD4+CD8TCRbhi
cells, TCRd+ cells, and CD4+CD3 cells are the three major cells that express RANKL mRNA in the thymus. RANKL expression detectable in DN1
(CD44+CD25CD4CD8) cells may be due to TCRgd+ cells that are contained in DN1 population.
(E) Cell-surface RANKL detection (solid lines) and control staining (shaded lines) were examined in indicated subpopulations of 5-week-old B6 thymocytes in-
cubated for 16 hr without stimulation. Representative profiles of three independent experiments are shown.(Figure 4A). RANKL was also detectable in CD69hi semimature
CD4CD8+ SP thymocytes, rather than CD69lo mature
CD4CD8+ SP thymocytes, isolated fromMHC class II-deficient
mice (Figure 4A), indicating that RANKL is expressed in semima-
ture thymocytes that are destined to become either CD4+CD8
or CD4CD8+ SP thymocytes. The CD69hi subpopulation of
DP thymocytes, which represent semimature thymocytes that
recently received positive-selection-inducing TCR signals
(Bendelac et al., 1992), expressed a significantly (p < 0.05) higher
amount of RANKL than the majority of DP thymocytes, which
were CD69lo, in MHC class II-deficient mice (Figure 4A). Stimula-
tion of preselected DP thymocytes isolated from MHC class I-
and MHC class II-deficient mice (H-2Ab1/B2m/) with plate-
bound antibody specific for TCR or with phorbol ester plus ion-
omycin, which mimics positive-selection-inducing TCR signals
(Takahama and Nakauchi, 1996), elevated cell-surface expres-
sion of RANKL protein (Figure 4B, data not shown). Indeed, DP
thymocytes isolated from positively selecting 2C-TCR-trans-
genic mice expressed a significantly (p < 0.05) higher amount
of RANKL than did DP thymocytes isolated from null selecting
2C-TCR-transgenic mice (Figure 4C). These results indicate
that RANKL is produced in semimature thymocytes that recently442 Immunity 29, 438–450, September 19, 2008 ª2008 Elsevier Inc.received positive-selection-inducing TCR signals. These results
also suggest that the amount and kinetics of RANKL expression
may be unequal between cells destined to become CD4+CD8 T
lymphocytes and those destined to become CD4CD8+ T lym-
phocytes.
TCRgd+ Cells or Id2-Dependent LTi Cells Are
Dispensable for Medulla Formation in Adult Mice
To address whether cells other than positively selected thymo-
cytes might produce RANKL in the thymus, we examined the ex-
pression of RANKL as well as its receptors, RANK and OPG, in
various cell subpopulations isolated from adult thymus
(Figure 4D). We found that in addition to positively selected SP
thymocytes, RANKL expression in the thymuswas highly detect-
able in TCRgd+ cells and CD4+CD3 LTi cells, as assessed by
quantitative mRNA analysis (Figure 4D) and by cell-surface pro-
tein analysis (Figure 4E). The detection of RANKL in SP thymo-
cytes was specific, as indicated by the fact that no signals
were detected in SP thymocytes isolated from RANKL-deficient
mice (Figure S2). RANKL expression was detectable in CD4SP
thymocytes from embryonic day 18.5 (E18.5) mice and 1-day-
old newborn mice (Figure S3), suggesting that newly generated
Immunity
RANKL Mediates Thymic CrosstalkFigure 5. Thymic Epithelial Cells in TCRd-, Id2-, or RORgt-Deficient Mice
Thymuses from age- and genetic background-matched Tcrd+/ and Tcrd/mice (B6 background [A]), Id2+/+ and Id2/mice (ICR background [B]), or Rorc+/
and Rorc/mice (B6 background [C]) were subjected to section analysis and flow cytometry analysis as indicated. A monoclonal antibody specific for both I-A
and I-E (clone M5/114) was used to detect class II MHC molecules in mice of ICR background. Averages and standard errors of thymocyte numbers per thymus
lobe are also shown. Bar graphs show averages and standard errors of the numbers of CD45I-A+UEA1 cTECs and CD45I-A+UEA1+mTECs in indicatedmice.
Tcrd+/, n = 4; Tcrd/, n = 5; Id2+/+, n = 5; Id2/, n = 6; Rorc+/, n = 3; Rorc/, n = 3. Asterisks indicate significant difference (p < 0.01).SP thymocytes can be the source of RANKL in the thymus. The
detection of RANKL in CD4+CD3 LTi cells of adult thymus was
in agreement with previously reported results (Rossi et al., 2007).
On the other hand, among thymic cell subpopulations examined,
RANK and OPG were most prominently and almost exclusively
detected in mTECs (Figure 4D).ImIn contrast to mice deficient for positive selection (Figure 1),
we found no significant (pR 0.05) impairment in the number of
mTECs or the development of thymic medulla containing Aire-
expressing mTECs in adult mice lacking TCRd (Tcrd/)
(Figure 5A) or adult mice deficient for Id2 (Id2/) (Figure 5B;
Figure S4), in which LTi cells in embryonic intestine are barelymunity 29, 438–450, September 19, 2008 ª2008 Elsevier Inc. 443
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RANKL Mediates Thymic CrosstalkFigure 6. RANKL Expression Restores Medulla Formation without Positive Selection
Sca1+ bone marrow cells from Tcra/ mice were infected with retrovirus expressing RANKL along with EGFP or EGFP alone, and transplanted into lethally
irradiated Tcra/ mice. Mice were analyzed 4–5 weeks after transplantation. Frequencies of EGFP+ cells in thymocytes ranged from 23% to 73%.
(A) Flow cytometry profiles of ungated thymocytes from adult B6mice (WT), Tcra/mice expressing EGFP alone, or Tcra/mice expressing RANKL along with
EGFP. Numbers indicate frequency of cells within indicated areas.
(B) Thymus section analysis. High-magnification HE-stained images show that thymic medullary areas generated in RANKL-expressing Tcra/mice are devoid
of lymphoid cells, and this finding was supported by the failure to detect CD4- or CD8-expressing cells in those areas (not shown).
(C) Representative results of flow cytometry analysis for I-A+UEA1+ mTECs in CD45 nonleukocytes.
(D) Numbers (averages and standard errors) of CD45I-A+UEA1+ mTECs per thymus lobe in B6 mice (WT) or Tcra/ mice reconstituted with Tcra/ bone
marrow cells that retrovirally expressed EGFP alone or EGFP along with RANKL, CD30L, or OX40L. WT, n = 6; EGFP, n = 4; RANKL, n = 3; CD30L, n = 3;
OX40L, n = 3.
(E) Numbers (averages and standard errors) of CD45I-A+UEA1+ mTECs per thymus lobe in B6 mice (WT) reconstituted with bone marrow cells that expressed
EGFP alone or EGFP alongwith RANKL, indicating that retroviral expression of RANKL increases the number ofmTECs even in normal mice. EGFP, n = 4; RANKL,
n = 3.444 Immunity 29, 438–450, September 19, 2008 ª2008 Elsevier Inc.
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RANKL Mediates Thymic Crosstalkdetectable (Yokota et al., 1999), indicating that unlike positively
selected thymocytes, TCRgd+ cells and Id2-dependent LTi cells
are dispensable for mTEC development and medulla formation
in adult mice. However, the number of mTECs appeared slightly,
although not significantly (pR 0.05), reduced in TCRd-deficient
mice or Id2-deficient mice (Figures 5A and 5B), suggesting that
TCRgd+ cells and Id2-dependent LTi cells may partially contrib-
ute to the optimal cellularity of mTECs.
Similar to Id2-deficient mice, Aire-expressingmTECswere de-
tectable in RORgt-deficient (Rorc/) mice (Figure 5C) lacking
LTi cells (Eberl et al., 2004). Unlike Id2-deficient mice, however,
RORgt-deficient mice exhibited reduced number of mTECs and
small medulla (Figure 5C). The deficiency in RORgt causes not
only loss of LTi cells but also reduction in the numbers of DP
and SP thymocytes because of reduced survival of DP thymo-
cytes (Sun et al., 2000; also shown in Figure 5C). Accordingly,
the number of cTECs was significantly (p < 0.01) reduced in
RORgt-deficient mice, unlike Id2-deficient mice (Figures 5B
and 5C). Thus, the reduced number of mTECs in RORgt-defi-
cient mice may be due to the reduced number of DP and SP thy-
mocytes, including positively selected thymocytes, rather than
the loss of LTi cells.
RANKL Neutralization Perturbs mTEC Cellularity
The above-mentioned results suggest that RANKL produced by
positively selected thymocytes plays a major role in expanding
mTEC cellularity to form thymic medulla. We then examined
whether RANKL expressed by developing thymocytes is essen-
tial for medulla formation in normal adult mice. To do so, normal
B6mice were reconstituted with B6 bone marrow hematopoietic
progenitor cells that were infected with a retrovirus that ex-
pressed a soluble fusion protein of RANK and human immuno-
globulin Fc portion (RANK-Fc) along with enhanced green fluo-
rescence protein (EGFP). RANK-Fc fusion protein used in this
study specifically binds to RANKL (Figure S5A) and neutralizes
RANKL-mediated signals (Hsu et al., 1999). Thymocyte develop-
ment, including the generation of SP thymocytes, was appar-
ently not affected in RANK-Fc-expressing mice (Figure S5B).
However, the number of mTECs was significantly (p < 0.05) re-
duced and thymic medulla containing Aire-expressing mTECs
became underrepresented in B6mice expressing RANK-Fc (Fig-
ures S5C–S5E). In contrast, RANK-Fc expression did not affect
the number of cTECs (Figure S5E). These results indicate that
in vivo blockade of RANKL perturbs mTEC cellularity and me-
dulla formation in normal mice and that RANKL is essential for in-
creasing mTEC cellularity and forming thymic medulla.
RANKL Expression Restores Thymic Medulla without
Positive Selection
Finally, we addressed whether RANKL expression in developing
thymocytes might be sufficient for increasing mTEC cellularity
and forming thymic medulla even without positive selection. To
do so, bone marrow hematopoietic progenitor cells from
TCRa-deficient (Tcra/) mice were infected with a retrovirus
that expressed RANKL along with EGFP and were transferredIinto TCRa-deficient mice. In these mice, positive-selection-me-
diated generation of mature SP thymocytes remained defective
because of the lack of TCR expression by DP thymocytes,
whereas RANKL expression was detectable in the majority of
EGFP+ thymocytes (Figure 6A). We found that the number of
mTECs was significantly (p < 0.01) restored and thymic medulla
containing Aire-expressing and CCL21-expressing mTECs was
obviously formed in RANKL-expressing TCRa-deficient mice but
not in control EGFP-expressing TCRa-deficient mice (Figures
6B–6D). Thymic medulla formed in RANKL-expressing TCRa-
deficient mice was not colonized with thymocytes because of
the lack of positive selection (Figure 6B). Unlike RANKL expres-
sion, the expression of CD30L or OX40L did not restore the num-
ber of mTECs (Figure 6D). These results indicate that forced
RANKL expression was sufficient in vivo for increasing mTEC
cellularity and forming thymic medulla even without positive
selection.
In order to better understand how RANKL expression in-
creases mTEC cellularity, we measured Ki67 expression in pro-
liferating cells, BrdU incorporation in DNA synthesizing cells, and
TUNEL in dying cells, in mTECs of TCRa-deficient mice reconsti-
tuted with retrovirally RANKL-expressing TCRa-deficient bone
marrow cells. As shown in Figure 6F, RANKL expression ele-
vated the frequency of Ki67-expressing cells and BrdU-incorpo-
rated cells in mTECs compared to those in mTECs isolated from
wild-type mice. The frequency of TUNEL+ cells was only slightly
reduced by RANKL expression (Figure 6F). RANKL expression
also elevated the frequency of CD80-expressing mature cells
in mTECs (Figure 6F). These results indicate that RANKL expres-
sion in bone-marrow-derived cells causes elevated proliferation
of mTECs without positive selection, suggesting the possibility
that RANKL contributes to medulla formation by promoting the
proliferation of mTECs.
We finally addressed whether RANKL produced by SP thymo-
cytes could directly promote the increase in mTEC cellularity. To
do so, fetal thymus stromal cells were cultured with isolated SP
thymocytes in reaggregated thymus organ culture. As shown in
Figure 7, reaggregation with CD4SP thymocytes but not DP thy-
mocytes significantly increased the number of mTECs but not
cTECs in culture (Figures 7A and 7B). The number of CD80-ex-
pressing mature mTECs and the mRNA amounts of Aire and
Aire-dependent tissue-restricted self-antigens (insulin 2 and sal-
ivary protein 1) were also increased by the addition of CD4SP
thymocytes but not DP thymocytes (Figures 7B and 7C). Impor-
tantly, these increases in mTEC cellularity and the expression of
mTEC-associated molecules were significantly (p < 0.05) dimin-
ished by the addition of RANK-Fc (Figure 7), which competitively
antagonized RANKL (Figure S5). These results indicate that SP
thymocytes are sufficient and RANKL is essential for fostering
mTECs.
DISCUSSION
The present results show that positive selection promotes the
increase in the number of mTECs and thereby fosters the(F) Ki67 expression, BrdU incorporation, TUNEL, and CD80 expression were detected in CD45I-A+UEA1+ mTECs. BrdU (2 mg) was intravenously administered
24 hr before analysis. Shaded profiles indicate control staining. Numbers indicate averages and standard errors (from at least three independent measurements)
of frequency of cells within indicated areas.mmunity 29, 438–450, September 19, 2008 ª2008 Elsevier Inc. 445
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In the absence of positive selection, not only is T lymphocyte de-
velopment arrested at the DP thymocyte stage, but medulla for-
mation is impaired as well. Through gene-expression analysis of
positively selected thymocytes and thymic epithelial cells, we
found that RANKL is produced by positively selected thymo-
cytes and that RANKL receptors, RANK andOPG, are expressed
by mTECs rather than by cTECs. Mice deficient for RANKL
showed a reduction in the number of mTECs, whereas mice de-
ficient for OPG showed a large number ofmTECs and a large thy-
mic medulla. Although RANKL expression in the thymus is also
detectable in TCRgd+ cells and CD4+CD3 LTi cells, these cells
appear dispensable for mTEC generation and medulla forma-
tion. The blockade of RANKL perturbsmTEC cellularity in normal
mice, whereas forced expression of RANKL restores mTEC cel-
lularity and medulla formation in mice lacking positive selection.
These results indicate that RANKL produced by positively se-
lected thymocytes plays a major role in the increase in the num-
ber of mTECs and the formation of thymic medulla that contains
Aire-expressing mTECs.
Several studies have shown that positively selected thymo-
cytes produce signals crucial for thymic medulla formation
(Shores et al., 1991; Surh et al., 1992; Naspetti et al., 1997;
Figure 7. RANKL Produced by SP Thymocytes Promotes mTEC
Cellularity in Reaggregated Thymus Organ Culture
dGuo-treated fetal thymic stromal cells (2.5 3 105) were reaggregated with
equal numbers of either DP thymocytes from Tcra/ mice or CD4SP thymo-
cytes from B6mice and organ cultured for 5 days. Where indicated, organ cul-
tures included 5 mg/ml of RANK-Fc fusion protein. Cells were analyzed by flow
cytometry (A and B) or quantitative RT-PCR (C).
(A) Representative two-color flow cytometry profiles for I-A and Ly51 of CD45
nonleukocytes. Numbers indicate frequency of cells within indicated areas.
(B) Numbers of indicated TECpopulations per reaggregated thymus organ cul-
ture. Averages and standard errors (n = 4–5) are shown.
(C) Quantitative RT-PCR analysis of indicated genes. mRNA expression was
normalized to GAPDH mRNA, and those in CD45I-A+UEA1+ mTECs isolated
from adult thymuswere arbitrarily set to 1. Averages and standard errors of 4–5
independent measurements are shown.446 Immunity 29, 438–450, September 19, 2008 ª2008 Elsevier IncNasreen et al., 2003). However, it was unclear whether positive
selection regulates the genesis or increase in number of func-
tionally competent mTECs. The present results show that the
lack of positive selection reduces the number of mTECs,
whereas small numbers of mTECs detectable in mice lacking
positive selection contain Aire-expressing cells and CCL21-ex-
pressing cells. Aire and CCL21 are two major molecules that
are vital to the execution of thymic medulla function to induce
central tolerance, by displaying a diverse set of tissue-restricted
genes (Derbinski et al., 2001) and by attracting CCR7-expressing
positively selected cortical thymocytes toward the medulla
(Ueno et al., 2004), respectively. Indeed, our results show that
mTECs generated without positive selection exhibit a gene-ex-
pression profile that is characteristic of promiscuous gene ex-
pression. These results support the notion that positive selection
affects the formation of thymic medulla by promoting the in-
crease in the number of functionally competent mTECs rather
than by inducing the functional maturation of mTECs. These re-
sults also suggest that thymic medulla formation consists of two
sequential processes: initial maturation of mTECs independent
of positive selection and subsequent increase in the number of
mTECs, which is dependent on positively selected thymocytes.
Our results showing that RANKL expression in bone-marrow-de-
rived cells causes elevated proliferation of mTECs without posi-
tive selection suggest that RANKL contributes to enhancing
mTEC proliferation.
Through microarray data search for genes that are highly ex-
pressed upon positive selection, we found that the expression
of eight TNFSF genes encoding LTa, TNFa, LTb, OX40L,
CD40L, FasL, CD30L, and RANKL was elevated during the dif-
ferentiation of DP thymocytes into SP thymocytes. Subsequent
survey of genes that are more strongly expressed in mTECs
than in cTECs showed that five TNFSF ligand-receptor combina-
tions, namely, between OX40L and OX40, between CD40L and
CD40, between FasL and Fas, between CD30L and CD30, and
among RANKL, RANK, and OPG, represent combinations in
which the ligands aremore strongly expressed in SP thymocytes
than in DP thymocytes and the receptors are more strongly ex-
pressed in mTECs than in cTECs. Analysis of mTEC number
and medulla formation in mice deficient for one of these mole-
cules showed that the interaction among RANKL, RANK, and
OPG critically regulates the increase in the number of mTECs
that leads to medulla formation. Even though the present results
obtained via mice deficient for OX40L, CD40, Fas, FasL, or
CD30L did not reveal the role of these molecules in regulating
mTEC cellularity or medulla formation, our study does not ex-
clude the possibility that these molecules may also be involved
in regulating medulla formation. Previous studies of the roles of
LTbR (Boehm et al., 2003; Chin et al., 2003; Venanzi et al.,
2007) and CD40L (Dunn et al., 1997; Clegg et al., 1997) in me-
dulla development suggest the role of additional TNFSF ligands
other than RANKL in generating normal thymic medulla. Indeed,
our results indicate that the number of mTECs in RANKL-defi-
cient mice is larger than that in TCRa-deficient or ZAP70-defi-
cient mice, suggesting that the increase in mTEC cellularity
caused by positively selected thymocytes may be additionally
regulated by signals other than RANKL.
Accordingly, Akiyama et al. (2008) in this issue of Immunity
found the cooperative roles of CD40L and RANKL in postnatal.
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severely affected in mice doubly deficient for RANKL and CD40
than in RANKL-deficient mice. In CD40-deficient mice, the abso-
lute number of mTECs is not reduced, yet the frequency of class
II MHClo subsets of mTECs is reduced (Akiyama et al., 2008).
Thus, the defect in mTECs is much milder in CD40-deficient
mice than in RANKL-deficient mice. The reduced frequency of
class II MHClo subsets of mTECs was also reported in CD40L-
deficient mice (Gray et al., 2006). We think that RANKL and
CD40 at least partially compensate each other but unequally
contribute to mTEC development, in which RANKL and CD40L
play major and minor roles, respectively.
The intrathymic expression profiles of CD40L and CD40 are
somewhat similar to those of RANKL and RANK, respectively;
CD40L is highly detectable in positively selected thymocytes
and CD4+CD3 cells, whereas CD40 is more strongly detectable
in mTECs than in cTECs (Figure S6). However, unlike RANKL,
CD40L is not prominently detectable in TCRgd+ cells, and unlike
RANK, CD40 is also detectable in CD11c+ DC (Figure S6), indi-
cating that the expression profiles of CD40L and CD40 in the thy-
mus are not exactly identical to those of RANKL and RANK. The
unequal roles of CD40L and RANKL in the thymus are also evi-
dent from our results that, unlike the retroviral expression of
RANKL, that of CD40L dramatically reduces thymocyte cellular-
ity and does not elevate mTEC cellularity in bone marrow chi-
meras (Figure S7). The reduction in thymocyte cellularity was
also reported in proximal Lck promoter driven CD40L-transgenic
thymocytes (Dunn et al., 1997; Clegg et al., 1997). Thus, it ap-
pears that CD40L-overexpressing immature thymocytes are in-
efficient in survival and/or proliferation, further suggesting that
RANKL and CD40L play unequal functions in the thymus.
Our results show that the number of mTECs is reduced in the
thymus of RANKL-deficientmice, whereas the number ofmTECs
is increased in the thymus of OPG-deficient mice. The expres-
sion of Aire and CCL21 in mTECs is detectable either in
RANKL-deficient mice or in OPG-deficient mice. These results
suggest that similar to positively selected thymocytes, RANKL
regulates the cellularity, rather than the genesis, of functional
mTECs. We also found that in vivo blockade of RANKL by
a RANK-Fc fusion protein reduces the number of mTECs in nor-
mal mice even in the presence of positive selection, whereas
forced expression of RANKL in mice deficient for positive selec-
tion restores the number of mTEC and medulla formation in vivo.
Our results further show that RANKL is expressed in positively
selected thymocytes and in TCR-stimulated DP thymocytes.
On the other hand, RANKL is produced as a transmembrane
cell-surface protein and can be released as a secreted protein
from cell surface (Nakashima et al., 2000). Thus, it is conceivable
that positive selection of thymocytes in the thymic cortex ele-
vates the expression of RANKL, which acts to increase the num-
ber of mTECs even if mTECs may be remotely localized from
positively selected thymocytes. Positive selection also induces
CCR7 expression by cortical thymocytes, thereby causing the
relocation of positively selected thymocytes to the medulla
where mTECs produce CCR7 ligands (Ueno et al., 2004; Kurobe
et al., 2006). Thus, positive selection signals increase the expres-
sion of RANKL and CCR7, thereby directly regulating both the
formation of medullary microenvironment wheremTECs express
RANKL receptors and the migration of positively selected thy-Imocytes toward the medulla where mTECs express CCR7
ligands.
In agreement with our results, Rossi et al. (2007) recently re-
ported that the number of Aire-expressing mTECs was severely
reduced in RANK-deficient mice. They also reported that RANKL
is produced by CD4+CD3 LTi cells in the thymus and that the
appearance of CD4+CD3 LTi cells coincides with the appear-
ance of Aire-expressing mTECs during embryogenesis, sug-
gesting that RANKL-expressing CD4+CD3 LTi cells induce
the generation of Aire-expressing mTECs during embryogenesis
(Rossi et al., 2007). Our results indeed show that among adult
thymocyte subpopulations, CD4+CD3 LTi cells and TCRgd+
cells, in addition to positively selected thymocytes, produce
RANKL. However, our results also show that unlike mice lacking
positive selection, Id2-deficient mice lacking Id2-dependent LTi
cells or TCRd-deficient mice lacking TCRgd+ cells exhibit no im-
pairment in the number of Aire-expressing mTECs and in the for-
mation of thymic medulla in adult mice. Thus, Id2-dependent
CD4+CD3 LTi cells or TCRgd+ cells are dispensable for the for-
mation of thymic medulla containing Aire-expressing mTECs in
adult thymus. It is possible that LTi cells and/or TCRgd+ cells
may primarily participate in the generation of mTEC during em-
bryogenesis rather than during postnatal period, and/or LTi cells
involved in thymic medulla development may be generated inde-
pendent of Id2. It is also possible that any cell type expressing
RANKL may be sufficient to influence the cellularity of mTECs
and that the contribution of positively selected thymocytes
may be best highlighted in postnatal thymus, perhaps because
SP thymocytes are present in much larger number than other
RANKL-expressing cells, such as LTi and TCRgd cells.
Our results reveal a role for OPG in thymic medulla formation.
OPG is an osteoclastogenesis inhibitory protein that lacks
a transmembrane domain and is a secreted decoy receptor for
RANKL (Mizuno et al., 1998; Theill et al., 2002). We found that
similar to RANK, OPG is strongly expressed in mTECs rather
than in cTECs or other cell types within the thymus. We also
showed that the deficiency in OPG causes an increase in
mTEC number and enlargement of the thymic medulla. These
results suggest that OPG-mediated fine-tuning of RANKL avail-
ability at mTEC surface crucially regulates RANK-mediated sig-
nals in mTECs, perhaps through TRAF6 and NF-kB, to increase
the number of mTECs and form thymic medulla.
In conclusion, this study shows that RANKL produced by pos-
itively selected thymocytes plays a pivotal role in increasing the
number of mTECs and forming thymic medulla that contains
Aire-expressing mTECs. The results demonstrate that RANKL
represents amajor mediator of thymic crosstalk for the formation
of medullary microenvironment by positively selected thymo-
cytes. By increasing the number of Aire-expressing mTECs
through RANKL, positively selected thymocytes may pave their
own way for subsequent developmental regulation in the me-
dulla to establish central tolerance. Indeed, lymphocytes gener-
ated without RANKL fail to establish self-tolerance because
these cells manifest infiltration and antibody deposition in the
liver (Akiyama et al., 2008). Lymphocytes generated without
both RANKL and CD40 cause more severe autoimmune pheno-
types than those generated without RANKL alone, whereas
lymphocytes from CD40-deficient mice exhibit no detectable
autoimmunity. Therefore, the severity of autoimmunity amongmmunity 29, 438–450, September 19, 2008 ª2008 Elsevier Inc. 447
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mTEC development. Further studies geared toward revealing
the molecular mechanisms of TEC development and thymic mi-
croenvironment formation are expected to aid in improving our
understanding of and controlling diverse and self-tolerant reper-
toire formation of T lymphocytes.
EXPERIMENTAL PROCEDURES
Mice
C57BL/6 (B6), BALB/c, ICR, B6-Faslgld/gld, and B6-Faslpr/lpr mice were pur-
chased from SLC Japan. Tnfrsf11b/ mice (Mizuno et al., 1998) were pur-
chased fromCLEA Japan. Tcra/ (Mombaerts et al., 1992), Zap70/ (Negishi
et al., 1995), Rag2/ (Shinkai et al., 1993), Relb/ (Burkly et al., 1995),
Tnfsf4/ (Murata et al., 2000), Cd40/ (Kawabe et al., 1994), Tnfsf8/
(Blazar et al., 2004), Tnfsf11/ (Kong et al., 1999), H2-Ab1/ (Cosgrove
et al., 1991), B2m/ (Koller et al., 1990), Tcrd/ (Itohara et al., 1993), Id2/
(Yokota et al., 1999), and Rorc/ (Sun et al., 2000) mice were previously de-
scribed. Experiments with mice were performed with consent from the Animal
Experimentation Committee of the University of Tokushima.
Retrovirus Infection
PCR-cloned cDNA fragments encoding an open-reading frame of mouse
RANKL, OX40L, CD30L, CD40L, or FasL were cloned in the retrovirus vector
pMSCV-IRES-EGFP (Nitta et al., 2006). To construct retrovirus vector express-
ing RANK-Fc, a cDNA fragment encoding the extracellular region of RANK (aa
1–212) was ligated with human IgG1 Fc cDNA (Zettlmeissl et al., 1990) and in-
serted into pMSCV-IRES-EGFP. Retroviral production and infection were per-
formed as previously described (Ueno et al., 2005). To generate irradiation
bone marrow chimeras, bone marrow cells were harvested from donor mice
4 days after intravenous administration of 5-fluorouracil (150 mg/kg). Sca1+
cells were sorted and precultured in growth medium (Iscove’s modified Dul-
becco’s medium containing 20% FCS, L-glutamine, sodium pyruvate, nones-
sential amino acids, penicillin, streptomycin, 50 ng/ml SCF, 50 ng/ml IL-6, and
10 ng/ml IL-3). 48 hr later, the culture medium was replaced with retroviral su-
pernatants containing 10 mg/ml polybrene, and culture plates were centrifuged
at 1000 3 g for 90 min at 30C. Cells were replenished with the growth me-
dium, cultured overnight, and additionally infected at 24 and 48 hr. Cells
were intravenously injected into lethally irradiated (9.0 Gy) recipient mice.
Thymus Section Analysis
Frozen thymuses embedded in OCT compound (Sakura Finetek) were sliced
into 5 mm-thick sections and stained with hematoxylin and eosin. For multi-
color confocal analysis, frozen sections were fixed with acetone and stained
with the following antibodies: mTEC-specific ER-TR5 followed by Alexa Fluor
633-conjugated anti-rat IgG antibody (Molecular Probes); anti-Aire antibody
(Santa Cruz) followed by FITC- or Alexa Fluor 568-conjugated anti-rabbit
IgG antibody (Molecular Probes); biotinylated anti-CCL21 antibody (R&D Sys-
tems) or Ulex europaeus agglutinin 1 (UEA1) (Vector Laboratories) followed by
Alexa Fluor 488- or Alexa Fluor 546-conjugated streptavidin (Molecular
Probes). Images were analyzed with TSC SP2 confocal laser-scanning micro-
scope and Leica Confocal software (version 2.6, Leica).
Flow Cytometry Analysis and Sorting of Thymic Stromal Cells
Multicolor flow cytometry analysis and cell sorting were performedwith FACS-
Calibur and FACS-Vantage (BD Biosciences) as described (Ueno et al., 2005).
Thymic stromal cells were prepared by digesting thymic fragments with colla-
genase, dispase, and DNase I (Roche), as described (Gray et al., 2002). For
TEC analysis, cells were stained with allophycocyanin-conjugated antibody
specific for CD45, FITC-conjugated antibody specific for I-A (or antibody spe-
cific for I-E where indicated), and biotinylated UEA1 or biotinylated antibody
specific for Ly51 followed by phycoerythrin-conjugated streptavidin. For
TEC sorting, CD45 cells were enriched by depleting CD45+ cells with a mag-
netic cell sorter (Miltenyi Biotec) prior to FACS cell sorting. Monoclonal anti-
body specific for RANKL (BioLegend #510003) was used to detect RANKL ex-
pression on cell surface. Ki67 expression, bromodeoxyuridine (BrdU)448 Immunity 29, 438–450, September 19, 2008 ª2008 Elsevier Incincorporation, and TdT-mediated dUTP nick end labeling (TUNEL) were mea-
sured according to the manufacturers’ instructions.
Quantitative mRNA Analysis
Total cellular RNA was reverse-transcribed with oligo-dT primer and Super-
script III reverse transcriptase (Invitrogen). Real-time RT-PCR was performed
with SYBR Premix Ex Taq (TaKaRa) and Light Cycler DX400 (Roche). Amplified
signals were confirmed to be single bands over gel electrophoresis, and nor-
malized to GAPDH. Primer sequences are listed in Table S2.
Reaggregated Thymus Organ Culture
Thymic stromal cells isolated from E15.5 fetal thymus lobes that were cultured
for 6 days in the presence of 2-deoxyguanosine (dGuo) were reaggregated
with equal numbers of either DP thymocytes isolated from adult TCRa-defi-
cient mice or CD4SP thymocytes isolated from adult B6 mice, and organ cul-
tured for 5 days as previously described (Ueno et al., 2005). RANK-Fc fusion
protein was produced by transfected 293T cells and purified with protein A-
Sepharose (Amersham-Pharmacia).
SUPPLEMENTAL DATA
Supplemental Data include seven figures and two tables and can be foundwith
this article online at http://www.immunity.com/cgi/content/full/29/3/438/DC1/.
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